Understanding what determines species co-occurrence and its consequences for ecosystem functioning is central to the study of plant ecology. The ecological similarity of species can explain co-occurrence patterns, species interactions, and how species affect ecosystem processes. A useful approach to answer these questions is to group similar species in functional groups and then perform removal experiments. Here, we conducted a scientometric review of articles about plant functional diversity and plant functional group removal. We identified publication patterns and impact; environmental and geographic gaps; ecological effects being tested; which groups are removed; and what the removal methods are. We analyzed articles published between 1991 and 2012 in journals indexed for the Thomson ISI Web of Science database. Although the number of articles and citations of experimental articles increased during that period, the corresponding increase for functional diversity articles was 12 times greater. This might be because field and cafeteria experiments are harder to conduct. Most studies were performed in temperate regions, where taxonomic knowledge and scientific investment is greater. Studies on herbaceous vegetation predominate, probably because short-lived species are more easily removed and manipulated than are trees. The main reason for the removal experiments was to test hypotheses related to competition, and clipping at ground level was the most common removal method. Few studies were performed in the field and in greenhouses, which could control for differential responses of natural conditions and controlled environments.
Introduction
One of the main challenges in community ecology is to understand which mechanisms explain species cooccurrence patterns and how they affect the functioning of ecosystems (Pokorny et al. 2005; Sutherland et al. 2013) . Ecologists have been trying to answer those questions through approaches considering species ecological similarities (Lindeman 1942; Weiher & Keddy 1995; Sheley & James 2010; McLaren & Turkington 2010b; Kong et al. 2011) . Such studies consider that species traits (Symstad 2000; Gundale et al. 2012; Picard et al. 2012 ) mediate interactions among them (competition and facilitation) and must therefore be capable of elucidating co-occurrence patterns (Choler et al. 2001; Paula & Ojeda 2006; Montgomery et al. 2010) . In addition, species traits are responsible for determining the functioning of these communities (Hegland & Totland 2005; Firn et al. 2010; Beltrán et al. 2012; Gibson et al. 2012) , regulating, for instance, matter and energy flow (Díaz & Cabido 2001; Lavorel & Garnier 2002) . Thereunto, studies that consider species functional traits or quantify functional diversity should increase our ability to predict how the communities are assembled and what are the effects of diversity on ecosystem functioning (McLaren & Turkington 2010a; Kong et al. 2011) .
One of the simplest and most common ways to classify species in accordance with their ecological similarities is through the use of functional groups (Blondel 2003; Kooyman & Rossetto 2008; Franks et al. 2009 ). In such studies, species are grouped by their response to environmental factors or by their effects on ecosystem functioning (Franks et al. 2009; Lavorel & Garnier 2002) . Although the classification of species according to similarities in form dates back to the ancient Greeks (Theophrastus, ca. 300 years BC; see Morton 1981) , the first approach with a clear framework of the importance of species function in a given assemblage was made by Lindeman (1942) . In that classical study, species were grouped according to trophic position: producers, consumers and decomposers. Unfortunately, for most cases, this is a far too simplistic classification. Therefore, through the years, ecologists have sought more detailed classifications (see Weiher et al. 1999 for references) . In a more contemporary definition, functional groups are represented by organisms that execute the same process in the ecosystem (Blondel 2003) or respond similarly to the environment (Lenière & Houle 2009; Joner et al. 2011) . For example, some species can show similar levels of nitrogenuse efficiency, have similar phenologies and present traits that infer resistance against invasive species or resilience against disturbances Blondel 2003) . However, although some species can perform similar roles in important ecosystem processes (redundant species), so that the loss of some of these species may not be of great concern (Walker 1992; Lawton & Brown 1993) , others might present unique traits and be responsible for the greater part of the ecosystem functioning (Lill & Marquis 2003; Crawford et al. 2007 ).
An efficient way to understand and evaluate the importance of a given functional group to ecological processes and mechanisms is to experimentally remove it from a natural or experimental assemblage. Such an approach allows one to better understand mechanisms such as competition (Schutzenhofer & Valone 2006; Facelli & Springbett 2009 ), facilitation (Berlow et al. 2003; Hayes & Holl 2003; Urcelay et al. 2003; Peltzer et al. 2009 ) and ecosystem functioning (Gibson et al. 2012; Spasojevic & Suding 2012; McLaren & Turkington 2010b; Loreau et al. 2001) . Experiments have advantages over observational studies, because they allow us to manipulate and isolate only the effects that we want to test (Hector et al. 2007) , thus decreasing interferences that are not controllable in observational studies (Shaffer & Johnson 2008 ). In addition, experimental studies allow one to evaluate cause and effect (Sagarin & Pauchard 2010) .
Studies involving functional groups have increased over the last years (Blondel 2003) because of their ability to elucidate important ecological questions and to guide management and restoration plans (Kooyman & Rossetto 2008) . By knowing the role of a certain species group, it is possible to predict the effect of its introduction or removal from a community, such as the alteration on soil nutrient availability or a decrease in decomposition rates (Kong et al. 2011; McLaren & Turkington 2010a) . In this context, experimental studies are important because they can shed light on several ecological aspects: competition between distinct functional groups (Klanderud 2005; Liancourt & Tielboerger 2009 ); plant succession (Baldwin & Mendelssohn 1998; Cater & Chapin 2000) ; the effect of introduced plants (Halpern et al. 2012) ; and the effect of changes in soil nutrients due to the removal or introduction of functional groups (McLaren & Turkington 2010a) .
A quantitative analysis of the research literature, also known as a "bibliometric" or "scientometric" review, allows us to summarize the state of the art within a scientific field (Hood & Wilson 2001) . Understanding the state of the art of the research dealing with plant functional diversity (PFD) and removal experiments is essential to formulating future research strategies. Here we analyzed the literature on plant functional group (PFG) removal through a scientometric review of articles published in journals indexed for the Thompson ISI Web of Science, in order to identify the patterns, trends and biases in this area of research. We attempted to determine whether the interest in themes related to PFD and PFG removal have increased over the last years. An increase in the number of this type of article and in the number of citations would indicate increasing interest in and relevance of this research field. In addition, if experimental works are more efficient in elucidating processes in communities, experimental articles should have a higher publication rate and be, on average, more often cited. Among the journals selected, we evaluated those that presented the highest number of articles in this field and the countries in which those studies were conducted, in order to find geographic gaps and biases in the execution of experiments. We also evaluated the ecological hypotheses tested, the functional groups most frequently removed, the most common removal methods and the environments in which studies about PFG removal are carried out.
Material and methods
We selected articles related to PFD using the dataset of the Science Citation Index Expanded of the Web of Science (www.isiknowledge.com), accessed on February 2, 2013, as follows: Topic = ["functional group*" AND plant*]; Topic = ["functional type*" AND plant*]; Topic = ["functional diversity" AND plant*]. We limited the search by selecting "article" in the document field. We selected only articles published between 1991 and 2012, because articles indexed in the Web of Science prior to 1991 do not have digital abstracts or keywords (Bini et al. 2005) and their inclusion would have limited or biased the search. We established that these articles should be published in 35 periodicals that have their scope in accordance with PFD and PFG studies and are related to community ecology, plant ecology or publishing experiments with plants, or that are recognized for the importance in these fields. We thus identified 1371 articles (Tab. 1).
To compare PFD and PFG removal in terms of the increases in the number of articles and citations, we performed a second search about PFG removal, as follows: Topic = [manipulation* AND plant*]; Topic = [clipping AND plant*]; Topic = ["plant* removal"]; Topic = ["functional group*" AND removal]; Topic = ["functional group*" AND manipulation*]; Topic = [clipping AND group*]; Topic = [clipping AND experiment*]; Topic = ["removal experiment*"]. We limited the search by selecting "article" in the document type field. For this search, we also included only articles published between 1991 and 2012 and within the same 35 selected journals. We thus identified 1504 articles (Tab. 1).
We evaluated the articles about PFG removal by reading the abstracts and, whenever necessary, the whole article, choosing those in which PFG were removed. We did not consider articles with any of the following features: the removal was not related to plants, such as the removal of herbivores or pollinators; the objective was to manipulate resources such as nutrients, water or light availability; only plant parts such as leaves, flowers and inflorescences were removed; the plants were manipulated, but not removed; the article was a review, meta-analysis or methodological study. We excluded several articles for more than one reason, and the total number of reasons for exclusion was therefore greater than the number of excluded articles (Fig. 1) .
We compared the number of articles about PFD and PFG removal published per year. Of the 1371 articles about PFD, 33 were also found in the search for articles about PFG removal. Those 33 articles were excluded, leaving 1338 articles about PFD. We performed an ANCOVA to compare the growth in the number of articles between PFD and PFG removal. In order to avoid bias regarding the passive increase in number of articles over the years, we divided the number of articles found in each year by the number of total articles published, according to the Web of Science, in the same year, multiplied by 10,000 (Plaza-Pinto & Bini 2008; Bini et al. 2005) . To determine the impact of PFD and PFG removal articles, we quantified the average number of citations of each article during the evaluated period (from 1991 to 2012). We also quantified the number of citations per article in the 35 journals during the same period so that we could have a control of the "average number of citations per article/year" in different topics in ecology. We performed repeated measures ANOVA to evaluate the possible difference in citation averages among PFD articles, PFG removal articles and articles in general.
For PFG removal articles, we registered the following information: the country in which each experiment was performed (to identify geographic gaps); the removal objective; the functional group removed; the environment in which the study was conducted; the removal method (clipping, herbicide use, manual removal or removal by fire). In manual removal, we included weeding and abrasion, taking into account the fact that these refer to total removal, including the removal of roots.
Results
Of the 196 articles about PFG removal, 33 were also present among the articles about PFD. Therefore, 1338 articles about PFD were not removal experiments. However, of the 196 PFG removal articles, 163 did not appear in the search about PFD. The numbers of PFD and PFG removal articles increased between 1991 and 2012 (Fig.  2) . We found a significant difference between PFD and PFG removal articles in terms of the slopes (F = 358.1; p = 0.001). The increase in the number of PFD articles was 12 times greater than that observed for PFG removal articles (Fig. 2) . Nevertheless, there was no difference between the number of citations per year among total articles in ecology, PFD articles, and PFG removal articles (F = 1.25; p = 0.297), as shown in Fig. 3 . Over 45% of the removal experiments were performed in the United States. Approximately 67% of the removal experiments were performed in temperate-climate countries, whereas 11% were performed in tropical countries (Fig. 4) . For instance, of the 77 articles about competition, approximately 68% were conducted in temperate regions.
Most removal studies tested the effects of competition between different functional groups (38.7%). The second most common reason to remove a PFG was to test the effect of disturbances (13.5%), followed by the effect of the removal of invasive species (13.1%). Functional groups were also removed to investigate plant succession, facilitation, resource availability, herbivory, effects on the fauna (habitat removal) and the effect of parasitism (Fig. 5A) . The functional groups removed were mainly represented by herbaceous plants. In addition, trees, bryophyta/pteridophyta, legumes and algae were also removed (Fig. 5B) .
Most removal experiments were conducted in open vegetation formations such as prairie/steppe, followed by natural pastures. Environments typically dominated by herbaceous plants (prairie/steppe, natural pastures, grassland area, savanna, tundra and desert) accounted for nearly 65% of the environments where removal experiments were conducted (Fig. 5C ). Only two studies described experiments performed in the field and in a greenhouse. The removal methods were: cutting at ground level (in 65%), followed by herbicide application, manual removal and removal by fire (Fig. 5D) . In several experiments, more than one removal method was employed, which explains why the sum of the removal methods is greater than the total number of articles about PFG removal.
Discussion
The fact that only a small number of articles matched both searches (PFG removal and PFD) reveals that many studies about PFG removal did not include this term in the title, keywords or abstract. In fact, it appears that the use of term "functional" has become much more common in the last decade. We used different keywords for each of the two searches, which provided two different groups of articles, even though they regard the same theme. With regard to PFD, we used keywords that besides searching for articles about PFGs, also related to articles about PFD and plant functional types, which also might explain the fact that few articles were in both searches.
An indication of the importance of a study field is the number of reviews covering it in high impact journals (Nobis & Wohlgemuth 2004) . Between 1991 and 2012, seven reviews about PFD and four articles about PFG removal were published in "Trends in Ecology Evolution", which is the journal with the highest mean impact factor (16.981) over the past five years in the field of ecology (Thomson Reuters 2011) . This indicates the importance of such themes in ecology. In fact, the number of studies with regard to PFD and PFG removal experiments increased in the last years. Nevertheless, the relative increase was higher for PFD articles (Fig. 2) . Despite the general perception that experimental studies are very important for the progress of knowledge in several fields (Shaffer & Johnson 2008; Sagarin & Pauchard 2010; Spiegelberger et al. 2012) , the increase in the number of PFD studies was 12 times greater than was that observed for PFG removal studies (Fig 2) . Fortunately, there was no stagnation in the number of PFG removal articles in the period studied, indicating that researchers still recognize that experiments are relevant for testing ecological hypotheses (Quinos et al. 1998; Choler et al. 2001; Herben et al. 2003; Scherer-Lorenzen et al. 2007) . Nevertheless, the number of experimental studies did not grow as we expected (higher than PFD). Experimental studies need long-term investment for planning and execution, as well as, more importantly, deep thought on the hypothesis being tested. Such a discrepancy between experimental and observational studies indicates that researchers are losing the opportunity to make progress in this field, especially because the study of functional diversity has been seen as a promising tool to link patterns and processes in community ecology (Díaz & Cabido 2001) .
There was no difference in the average number of citations among general articles in ecology, PFD articles, and PFG removal articles. This result runs counter to our initial expectation that if experiments are better to elucidate the mechanisms and processes involved in ecological hypotheses (Gurevitch & Collins 1994) , they should have more citations than non-experimental research articles in general. The impact factor of the journal, language of publication, number of authors and author affiliation influence the number of article citations (Padial et al. 2010) . Nevertheless, in our study, we selected articles within the same journals (all of which publish only in English). We did not evaluate the number of authors or their affiliations, and yet we believe that these features should be similar between PFD and PFG removal experiments. There are other factors that may affect the number of citations, such as studies presenting novel ideas, methodological studies and studies presenting large data sets. Whether or not this explains the pattern we found remains an open question to be investigated in future studies.
Geographic gaps and biases are common in ecology studies (Kier et al. 2005; Lortie et al. 2007; Collen et al. 2008; Stocks et al. 2008; Fraser et al. 2012; Martin et al. 2012; Trimble & Van-Aarde 2012) . We found that experiments involving PFG removal have geographic gaps, especially in tropical regions. This same bias occurs for taxonomic and biodiversity studies in general (Kier et al. 2005; Collen et al. 2008; Powers et al. 2011; Trimble & Van-Aarde 2012) . Such tropical gaps are due to factors such as the lack of taxonomic knowledge when compared with temperate regions (Kier et al. 2005) and the large predominance of tropical rain forests and dry forests. Experiments involving removal of woody plant species (for example, trees) are even more difficult to conduct because these plants are usually longlived . One way to increase the number of studies in those ecosystems would be to increase support for long-term studies such as BIOTREE, which performs observational and experimental studies of species and woody functional groups . Concerning geographic gaps and biases, standardized experimental studies at several sites around the world, known as coordinated distributed experiments should be encouraged (see Fraser et al. 2012 for a review). According to Fraser et al. (2012) , coordinated distributed experiments aim to fill the geographic gaps in ecological knowledge of grasslands. Other initiatives in the tropics are the Tropical Ecology Assessment and Monitoring network (Martins et al. 2007 ) and the TROPI-DRY network (Alvarez-Anorve et al. 2012) . These large-scale projects can solve geographic biases and gaps in ecological studies as long as they are planned to cover all the areas of importance for a certain topic (Fraser et al. 2012) . Some large-scale initiatives are also performed for PFG removal experiments or synthetic assemblage experiments where PFD is manipulated (Díaz et al. 2003) . Examples include the Biodiversity and Ecological Processes in Terrestrial Herbaceous Ecosystems initiative (Hector et al. 1999 ) and the Jena Experiment (Weigelt et al. 2010) .
Removal experiments are useful to detect effects of species competition and facilitation McLaren & Turkington 2011) , because the removal of certain specific functional groups simplifies the environment, thus reinforcing existing interactions (Aarssen & Epp 1990; Kamiyama et al. 2010) . Such experiments show the importance of facilitation between plants ( Miranda-Jácome et al. 2013; Rolo et al. 2013; He et al. 2012; Zonneveld et al. 2012) , especially between legumes and grasses (Mulder et al. 2002; Scherer-Lorenzen et al. 2003; Spehn et al. 2002) . However, only a small number of articles investigated facilitation. This is an important historical bias in ecology, because competition is considered the main determinant of the structure of communities (Connell 1983; Fowler 1986; Goldberg & Barton 1992) . Removal experiments are also relevant to understanding the role of species abundance distributions, ecosystem effects of species extinctions, the response of ecosystems to species removal due to natural or anthropogenic factors (see Díaz et al. 2003) Removal experiments are frequently performed with herbaceous and shrub species (Vila & Lloret 2000; Hansen 2007; Brose & Tielborger 2005; Simmons et al. 2007 ) instead of woody species (Ellison & 2010; Gundale et al. 2010) . This happens because woody communities take a long time to respond and are harder to manipulate ). This may explain the fact that most removal experiments have been performed with herbaceous functional groups that have fast growth and are composed of short-lived species (usually annuals). It is noteworthy that several experiments could be done in the field and in greenhouses in a sort of paired design. Yet we found very few studies employing such experiments, which would be important to control for the differences between natural and controlled environments (Aarssen & Epp 1990) .
The most frequent removal method was cutting the plant at ground level. Complete removal including underground structures and removal by the application of herbicides were not the preferred methods. This is because it is desirable to avoid the occurrence of confounding factors. Unexpected effects can happen when plant removal disturbs the soil layer (McLaren & Turkington 2010b) , for example, favoring the germination of other plants; or when herbicides are used, for example, affecting functional groups that should not be removed in a given treatment (Aarssen & Epp 1990; Joner et al. 2011) .
The increasing number of articles about PFD and PFG removal shows the interest in and relevance of the functional diversity and biodiversity ecosystem functioning agendas. However, even if experimental studies can minimize the confounding factors typical of observational studies, there is a need to increase the number of experiments involving PFD in order to offer better support to the hypotheses that are tested in the field. This is even more important here, because these agendas focus on looking at patterns to understand processes, which is often a problematic approach.
An experimental approach, however, should improve our ability to test the processes and mechanisms, then determining whether they confirm the patterns we observe in nature.
